Most eukaryotic mRNAs are polyadenylated in the nucleus, and the poly(A)-tail is required for efficient mRNA export and translation. However, mechanisms governing mRNA transport remain unclear. Here, we report that the nicotinamide adenine dinucleotide (NAD)-dependent deacetylase SIRT1 acts as an energy sensor and negatively regulates poly(A)RNA transport via deacetylating a poly(A)-binding protein, PABP1. Upon energy starvation, SIRT1 interacts with and deacetylates PABP1 and deactivates its poly(A) RNA binding, leading to nuclear accumulation of PABP1 and poly(A)RNA and thus facilitating eukaryotic cells to attenuate protein synthesis and energy consumption to adapt to energy stress. Moreover, AMPK-directed SIRT1 phosphorylation is required for energy starvation-induced PABP1-SIRT1 association, PABP1 deacetylation, and poly(A)RNA nuclear retention. In addition, the SIRT1-PABP1 association is not specific to energy starvation but represents a common stress response. These observations provide insights into dynamic modulation of eukaryotic mRNA transport and translation, suggesting that the poly(A)-tail also provides a basis for eukaryotes to effectively shut down mature mRNA transport and thereby tailor protein synthesis to maintain energy homeostasis under stress conditions.
In Brief
The addition of poly(A)-tail to mRNA is a posttranscriptional modification process required for most eukaryotic mRNA export and translation. Shan et al. show that energy starvation results in marked inhibition of poly(A)RNA export, which offers eukaryotes a shortcut to tailor protein synthesis and energy consumption to adapt to energy stress.
INTRODUCTION
In eukaryotic cells, transcription occurs in the nucleus, whereas translation occurs in cytoplasm. The addition of poly(A)-tail to mRNA is a common posttranscriptional modification process required for mRNA export and translation [1, 2] . The poly(A)-binding proteins (PABPs) play important roles in mRNA polyadenylation, translation, and nuclear export [3] [4] [5] [6] [7] . There are seven PABPs in humans, including PABPC1, PABPC3, PABPC4, PABPC4L, PABPC5, ePABP, and PABPN1 [6] . PABPC1 (hereafter referred to as PABP1) has four N terminus RNA recognition motifs (RRMs), a linker region, and a C-terminal PABC domain. The RRMs are necessary for interaction with poly(A) [8, 9] . PABP1 RRMs also bind to some proteins involved in mRNA translation and metabolism, such as Paip1, Paip2, GW182, and eIF4G [6, 7] . The C-terminal PABC domain is required for recruitment of translation factors to the mRNA poly(A) tail [6, 7, 10] . PABP1 is a nucleocytoplasmic shuttle protein with a predominantly cytoplasmic localization under normal growth conditions [5, 11] . In cytoplasm, by simultaneous binding to poly(A) and eIF4G, PABP1 brings a ''closed loop'' of mRNA conformation [3, 12] , which facilitates 40S ribosomal subunit recruitment, stabilizes mRNA, and promotes translation [13] [14] [15] [16] , whereas under stress conditions, such as heat shock, UV irradiation [17, 18] , or viral infection [19, 20] , PABP1 accumulates mainly in the nucleus. The functional consequences of nuclear accumulation of PABP1 are mRNA hyperadenylation and inhibition of poly(A)RNA export, which lead to restriction of protein expression [21, 22] . Therefore, based on its subcellular localization, PABP1 may play opposite roles in regulating gene expression.
Silent information regulator (Sir2)-like family deacetylases (also known as sirtuins) play important roles in the regulation of cellular stress resistance, genomic stability, and energy metabolism [23] [24] [25] [26] . In mammals, there are seven Sirtuins (SIRT1-7). SIRT1 regulates energy metabolism and stress response by deacetylating histone and a large number of transcription factors, such as p53, E2F1, and FOXOs [25] [26] [27] [28] [29] [30] . The relevance of SIRT1 to metabolic status and stress response greatly depends on its effect on transcription [31] . Interestingly, loss of SIRT1 results in increased phosphorylation of translation initiation factor eIF2a [32] , and the sirtuin activator resveratrol induces AMPK activation and thus contributes to the inhibition of 4E-BP1 signaling [33] , suggesting a possible role of SIRT1 in regulating translation.
Results described below show that energy starvation causes poly(A)RNA nuclear retention in eukaryotes. Molecularly, upon starvation, SIRT1 deacetylates PABP1 and impairs its poly(A) RNA binding, which causes poly(A)RNA nuclear export and translation inhibition, leading to energy saving. We suggest that shutting down poly(A)RNA export offers eukaryotes a shortcut to tailor protein synthesis and energy consumption to adapt to energy stress.
RESULTS

Energy Starvation Induces Poly(A)RNA Nuclear Accumulation
Protein synthesis is a highly energy-consuming process. Because export of mature mRNA from the nucleus is a critical regulatory step in gene expression, we propose that switching off mRNA nuclear export may provide eukaryotes a shortcut to tailor protein synthesis to preserve energy homeostasis under starvation. The poly(A) tail is found at the 3 0 end of most fully processed eukaryotic mRNAs; we therefore checked poly(A)RNA subcellular distribution using a Cy3-labeled oligo(dT) probe. Whereas poly(A)RNA is mainly distributed in the cytoplasm at normal condition, strikingly, we observed that most of the poly(A)RNAs were accumulated in the nucleus under glucose deprivation (GD) conditions ( Figure 1A ). Similar result was observed in cells treated with 2-deoxy-D-glucose (2DG), a glucose metabolism inhibitor that mimics the effect of energy starvation ( Figure 1B) . Of note, a-amanitin (an inhibitor of RNA polymerase II) treatment marked blocked GD-induced nuclear accumulation of poly(A)RNA ( Figure S1A ). In addition, we observed no cell size alteration under GD treatment (12 hr; Figure S1B). Together, these results demonstrate that poly(A)RNA nuclear export can be blocked by energy starvation.
SIRT1
Regulates Starvation-Induced Poly(A)RNA Redistribution SIRT1 functions as a nutrient-sensing deacetylase [34] , and its expression is augmented following fasting [35] . Interestingly, we observed that GD-induced poly(A)RNA nuclear accumulation is markedly inhibited in SIRT1-knockout (KO) or -knockdown cells ( Figures 1C and 1D) . Evaluation of the average nuclear/ cytoplasmic (N/C) ratio of poly(A)RNA indicates that SIRT1 KO led to a significant inhibition of GD-induced poly(A)RNA nuclear accumulation ( Figure 1C, right panel) . Overexpression of wildtype (WT) SIRT1, but not a deacetylase-defective mutant of SIRT1 (SIRT1-363A), led to marked poly(A)RNA nuclear accumulation ( Figure 1E ). Pharmacological activation of SIRT1 using resveratrol resulted in marked poly(A)RNA nuclear accumulation ( Figure 1F ). These results indicate that SIRT1 is required for GD-induced poly(A)RNA nuclear accumulation.
Given that brain is the most energy-consuming organ in animals, we next examined poly(A)RNA distribution in the cells of mouse cerebral cortex during fasting using biotinylated oligo(dT) probe. Results show that a short-term fasting (24 hr) induced a marked nuclear accumulation of poly(A)RNA in cerebral cortex of WT, but not SIRT1-KO mice, and re-feeding led to cytoplasmic redistribution of poly(A)RNA ( Figure 1G ), suggesting that the subcellular poly(A)RNA distribution in brain tissue is dynamically regulated in response to energy variation, and SIRT1 is required for this response. Of note, in the low-energy-consumption tissues, such as lung and colon [36] , 24-hr fasting led to a slight increase in the N/C ratio of poly(A)RNA in the WT, but not SIRT1-KO, mice ( Figure S2 ), suggesting that poly(A)RNA subcellular distribution is regulated by the energy status of tissues.
SIRT1 Interacts with PABP1 and Regulates Its Distribution and Activity in Translation
A previous study indicated that a slight elevation in the levels of nuclear PABP1 is sufficient to cause poly(A)RNA nuclear accumulation [21] . We therefore tested whether SIRT1 regulates poly(A)RNA subcellular distribution via PABP1. Coimmunoprecipitation experiments from transiently transfected 293T cells show that SIRT1 coprecipitated with PABP1, but not PABPN1 (Figure 2A ). The endogenous SIRT1-PABP1 association is also detectable, and the binding is not interfered by RNase A (a pyrimidine-specific RNase; Figure 2B ) or RNase I (a RNase degrades all RNA dinucleotide bonds) treatment (data not shown), suggesting that the SIRT1-PABP1 interaction is not RNA mediated. The glutathione S-transferase (GST)-pull-down assay confirmed the direct SIRT1-PABP1 interaction in vitro (Figure 2C) . A semi-in-vivo pull-down assay using the E.-coli-expressed GST-SIRT1 protein and the lysates of Flag-PABP1 deletion mutant overexpressing cells confirmed that second RRM motif of PABP1 is required for binding to SIRT1 ( Figure 2D) . Furthermore, the SIRT1-363A mutant dramatically attenuates its association with PABP1 ( Figure 2E ). These results indicate that PABP1 is a SIRT1-interacting protein. We next tested whether SIRT1 regulates PABP1 subcellular distribution. Strikingly, overexpression of WT SIRT1, but not SIRT1-363A mutant, induced a marked nuclear accumulation of endogenous PABP1 ( Figure 2F ). In contrast, SIRT1 overexpression showed no effect on cytoplasmic distribution of PABP1-associated proteins, including eIF4G and eIF4B ( Figures  S3A and S3B ), suggesting that SIRT1 overexpression causes a spatial separation between PABP1 and translation initiation factors. Moreover, resveratrol treatment led to marked PABP1 nuclear accumulation ( Figure 2G ). Therefore, overexpression or activation of SIRT1 induces nuclear accumulation of PABP1.
The function of PABP1 in translation activation depends mostly on its interacting with poly(A)mRNA and the eIF4F translation initiation complex [8, 37] . We next tested whether SIRT1 negatively regulates PABP1 activity in translation. Results show that overexpression of SIRT1, but not SIRT1-363A mutant, markedly repressed PABP1-poly(A)RNA binding ( Figure 2H ). Moreover, overexpression of WT SIRT1 (but not SIRT1-363A mutant) resulted in a marked downregulation of PABP1-eIF4G complex formation ( Figure 2I ), whereas SIRT1 overexpression had no effect on eIF4G-eIF4B binding ( Figure S3C ). Furthermore, resveratrol treatment caused marked decrease in 35 S-methionine incorporation into nascent proteins ( Figure 2J ) and PABP1-poly(A)RNA binding ( Figure 2K ). Together, these results indicate that forced expression or activation of SIRT1 induce PABP1 nuclear accumulation and thereby inhibit its activity in poly(A)mRNA binding and translation.
SIRT1 Regulates PABP1 Distribution via Deacetylation
A previous study identified that PABP1 is post-translationally modified by arginine methylation [38] . A mass spectrometry study has shown that human PABP1 protein contains four acetylated lysine residues (K95, K188, K312, and K606) [39] . Next, we examined whether SIRT1 regulates PABP1 function via deacetylation. Results show that overexpression of WT SIRT1 (but not SIRT1-363A mutant) markedly decreased PABP1 acetylation ( Figure 3A ), SIRT1-knockdown led to an increased PABP1 acetylation ( Figure 3B ), and WT SIRT1 (but not SIRT1-363A mutant) deacetylated PABP1 in vitro ( Figure 3C ), indicating that PABP1 is a substrate of SIRT1. Moreover, site-directed mutagenesis (K-to-R) analysis shows that K95 is a major acetylation site of PABP1 ( Figure 3D ). Next, we generated a polyclonal antibody that recognizes K95-acetylated PABP1 (K95 AC ). Results show this antibody recognizes the WT Flag-PABP1 but neither the acetylation-deficient K95R nor the acetylation-mimicking K95Q mutants that ectopically expressed in 293T cells ( Figure 3E ) nor the recombinant E.-coli-expressed His-tagged PABP1 (Figure 3F ), demonstrating that this antibody specifically recognizes K95-acetylated PABP1. Moreover, PABP1-K95 AC was markedly decreased in cells overexpressing WT SIRT1 (but not SIRT1-363A mutant; Figure 3G ), and treatment of the Sirtuin inhibitor nicotinamide (NAM) led to upregulation of PABP1-K95 AC (Figure 3H ). These results demonstrate that SIRT1 deacetylates PABP1 at K95.
Next, we tested whether PABP1 deacetylation regulates its subcellular distribution. Results show that the PABP1 K95R mutant was localized mainly in the nucleus, whereas other three site mutants (K188R, K312R, and K606R) were mainly cytoplasmic ( Figure 3I ). Moreover, coexpression of SIRT1 induced a marked nuclear accumulation of the WT PABP1, but not the K95Q mutant ( Figure 3J ). Collectively, the above results suggest that SIRT1 deacetylates PABP1 at K95 and thereby regulates its subcellular distribution.
PABP1-K95 Deacetylation Leads to Suppression of Poly(A)RNA Export and Translation
To examine the role of PABP1 deacetylation, we generated stable PABP1-knockdown and Flag-PABP1 (including WT, K95R,
Figure 2. SIRT1 Interacts with PABP1 and Regulates Its Distribution and Activity in Translation
(A) 293T cells were cotransfected with indicated plasmids for 24 hr; cell lysates were immunoprecipitated using FLAG-M2 beads followed by western blot analysis. (B) HeLa cells were lysed in the absence or in presence of RNase A (10 mg/mL) as indicated. Cell extracts were precipitated using anti-PABP1 antibody or with immunoglobulin G (IgG) (Mock IP) followed by western blotting analysis. (C) SIRT1 interacts with PABP1 in vitro. Recombinant E.-coli-expressed His-tagged PABP1 protein was incubated with GST-SIRT1 or GST proteins in the presence of RNase A (10 mg/mL) at 4 C for 4 hr followed by GST pull-down and western blot.
(D) PABP1-SIRT1 interaction domains in PABP1 were determined by incubating recombinant E.-coli-expressed GST-SIRT1 protein with lysates of 293T cells overexpressing Flag-PABP1 deletion mutants, followed by immunoprecipitation with FLAG-M2 beads and western blot.
(E) 293T cells cotransfected with indicated plasmids were lysed and immunoprecipitated with FLAG-M2 beads followed by western blot with anti-SIRT1 and antiFlag antibodies.
(F) HeLa cells were transfected with vector, Flag-SIRT1, or Flag-SIRT1-363A for 20 hr; fixed; and stained for anti-Flag (red), anti-PABP1 (green), and DAPI (blue) and visualized by microscopy (scale bar 20 mm).
(G) HeLa cells treated with resveratrol (100 mM; 0-12 hr) were immunostained using anti-PABP1 (green) antibody and visualized by microscopy (scale bar 20 mm).
(H) 293T cells were cotransfected with indicated plasmids for 24 hr. Poly(A)RNA was precipitated using poly(U)-conjugated agarose beads in the presence or absence of RNase A (10 mg/mL). The amount of PABP1 associated with poly(A)RNA was assessed by western blot analysis and quantified by densitometry of the immunoblots. The graph shows the relative ratio of coprecipitated PABP1 versus the amount of the precipitated poly(A)RNA (PABP1/RNA ratio) in each sample (n = 3; **p < 0.01).
(I) 293T cells cotransfected with indicated plasmids were lysed and immunoprecipitated with FLAG-M2 beads. Coprecipitated GFP-tagged eIF4Gs were blotted for GFP.
(J) HeLa cells were incubated with the indicated doses of resveratrol for 12 hr before the addition of 35 S-methionine-protein labeling mix (20 mCi/mL; 1 hr). Cells were harvested after labeling, and the radioactivity incorporation of newly synthesized proteins were analyzed by SDS-PAGE and autoradiography (upper panel). Actin (input control) was detected by western blot (lower panel).
(K) HeLa cells treated with or without resveratrol (100 mM; 12 hr) were lysed and precipitated with poly(U)-conjugated agarose beads followed by western blot using anti-PABP1 antibody. Coprecipitated endogenous PABP1was blotted with anti-PABP1 antibody. The relative PABP1/RNA ratio was analyzed as in (H). See also Figure S3 . and K95Q)-rescued cell lines. We observed that PABP1 knockdown led to marked poly(A)RNA nuclear accumulation, and recomplementation of either PABP1-WT or -K95Q (but not PABP-K95R) caused the redistribution of poly(A)RNA from the nucleus to the cytoplasm ( Figure 4A ), suggesting that PABP1 is indispensable in poly(A)RNA nuclear-cytoplasmic transportation and PABP1 K95 AC is required for the activity of PABP1 in poly(A)
RNA nuclear export. Moreover, PABP1 knockdown caused significant growth retardation ( Figure 4B ), and recomplementation of PABP1-WT, but not PABP1-K95R, significantly rescued the cell growth retardation induced by PABP1 knockdown (Figure 4C) . Furthermore, PABP1-K95R mutant shows declined poly(A)RNA binding ( Figure 4D ), and the PABP1-K95R, but not -K95Q mutant, exhibited a reduced chance to form a complex with translation initiation factor eIF4G ( Figure 4E ). In addition, 35 S-methionine-protein labeling of newly synthesized proteins revealed that both the PABP1-knockdown and the PABP-K95R-recomplemented cells exhibited lower levels of 35 S-methionine incorporation in comparing with the normal and PABP1-WT recomplemented cells ( Figure 4F ). Together, these results suggest that PABP1 K95 deacetylation decreases its ability in poly(A)mRNA binding and export and leads to a spatial separation of the translation initiation complex from poly(A) mRNA and PABP1, thereby resulting in the repression of protein synthesis and cell growth.
Starvation Induces SIRT1-Dependent PABP1 Deacetylation and Nuclear Accumulation Next, we examined whether the endogenous SIRT1 mediates poly(A)RNA transport via deacetylating PABP1 upon starvation. Results show that GD caused a marked nuclear accumulation of endogenous PABP1 ( Figure 5A ) coupled with increased PABP1-SIRT1 association ( Figure 5B), and PABP1-K95 AC decreased under GD treatment in a SIRT1-dependent manner ( Figure 5C ). Moreover, GD treatment caused marked poly(A) RNA nuclear accumulation in the PABP1WT-rescued, but not in the PABP1 K95Q mutant-rescued, cell lines, and the PABP1-K95Q mutant retained in the cytoplasm under starvation ( Figure 5D ). Combining these observations with the facts that PABP1-K95 deacetylation leads to nuclear retention of poly(A) RNA, we conclude that SIRT1 limits mRNA transport via deacetylating PABP1 under GD. Consistently, immunohistochemistry staining of PABP1 and PABP1-K95 AC in the cerebral cortex sections of WT and SIRT1-KO mice revealed that both PABP1 and PABP1-K95 AC exhibited obvious cytoplasmic distribution under normal feeding conditions, whereas a 24-hr fasting caused marked nuclear accumulation of PABP1 coupled with decreased PABP1-K95 AC in normal, but not SIRT1-KO, mice ( Figure 5E ).
Next, we tested whether SIRT1-directed PABP1 deacetylation tricks cells into an energy-saving mode. Results show that PABP1 knockdown led to a significant downregulation of intracellular ATP consumption, and reconstitution of PABP1-K95Q, but not PABP1-WT or -K95R, led to a rapid decrease of intracellular ATP level under GD conditions ( Figure 5F ), suggesting that SIRT1-induced PABP1 K95 deacetylation under starvation contributes to energy saving. In addition, we observed that a short period of glucose re-feeding after GD led to marked PABP1-SIRT1 dissociation coupled with the nuclear export of both poly(A)RNA and PABP1 ( Figure S4 ), indicating that the SIRT1-PABP1 binding is dynamically regulated to fine-tune mRNA export to adapt to the variation of the energy supply.
AMPK Triggers PABP1 and Poly(A)RNA Redistribution via Phosphorylating SIRT1 Our previous study revealed that GD induces phosphorylation of SIRT1 by AMPK [40] . In this study, we observed that AICAR (AMPK activator) treatment led to marked nuclear accumulation of both PABP1 and poly(A)RNA (Figures 6A and 6B) . GD treatment led to enhanced SIRT1 phosphorylation at T530 and T719, but not at S14 ( Figure 6C ). The phosphorylation-defective SIRT1-T530A, but not -T719A, mutant markedly attenuated GDinduced increment of PABP1-SIRT1 association ( Figure 6D ). (legend on next page) SIRT1 T530A mutant decreased, whereas SIRT1 T530D mutant (mimics phosphorylation) increased, its association with PABP1 ( Figure 6E ). Moreover, AICAR treatment led to an increment in PABP1-SIRT1 interaction and a concomitant increment in SIRT1 phosphorylation at T530 (Figure 6F ), whereas treatment of compound C (AMPK inhibitor) inhibited GD-induced increment of PABP1-SIRT1 association ( Figure 6G ). These data suggest that AMPK-induced SIRT1 T530 phosphorylation is responsible for GD-induced PABP1-SIRT1 association. Consistently, we observed that AMPKa knockdown blocked GD-induced nuclear accumulation of both PABP1 and poly(A)RNA ( Figures 6H  and 6I) , and the GD-induced increments of SIRT1 T530 phosphorylation ( Figure 6J ) and SIRT1-PABP1 association ( Figure 6K ) were markedly inhibited in the AMPK knockdown cells. Collectively, our data suggest that starvation stimulates an AMPKdirected SIRT1 T530 phosphorylation, which causes PABP1-SIRT1 association and PABP1 deacetylation, thus leading to nuclear retention of poly(A)RNA.
DISCUSSION
In this study, we tested the possibility that eukaryotes can shut off protein synthesis via blocking nuclear-cytoplasmic transport of polyadenylated mRNA under starvation conditions. As expected, we observed that energy starvation resulted in marked nuclear accumulation of poly(A)RNA. To our knowledge, this is the first report showing that energy starvation induces a blocking of poly(A)RNA transport. Notably, glucose re-feeding after starvation leads to a recovery of poly(A)RNA nuclear export, indicating eukaryotes adjust its mRNA export according to extracellular glucose levels. Thus, we suggest that the dynamic regulation of poly(A)RNA transport may represent an important strategy by which eukaryotic cells adjust protein synthesis timely according to energy status.
In addition, we identify that SIRT1 is required for shutting down poly(A)RNA transport under starvation. Our results show that both overexpression and pharmacologically activation of SIRT1 lead to poly(A)RNA nuclear accumulation. Moreover, SIRT1 depletion leads to marked blocking of starvation-induced poly(A)RNA nuclear accumulation, and SIRT1 is required for fasting-induced poly(A)RNA nuclear accumulation in vivo. Our data therefore reveal a role for SIRT1 in regulating poly(A)RNA transport and suggest that SIRT1 serves as a link between nuclear posttranscriptional modification and cytoplasmic translation in eukaryotes.
As poly(A)RNA-binding proteins, PABPs determine the poly(A)-tail length and assist in mRNA transportation [6, 7] . However, the mechanisms of its transport and its activity in mRNA transport are not fully understood, and sometimes, different reports have conflicting interpretations. Studies in yeast have shown that Pab1 (the major PABP in yeast) is required for the efficient export of mRNA out of the nucleus [5] . Kumar and Glaunsinger suggest that human PABP1 is retained in the cytoplasm via its interactions with RNA [21]. They also proved that a slight elevation of nuclear PABP1 is sufficient to cause poly(A)RNA nuclear accumulation. Khacho et al. demonstrated that eEF1A is involved in PABP1 nuclear export [41] . Woods et al. reported that paxillin associates with PABP1 in the nucleus and plays a role in exporting PABP1 and, by inference, mRNAs [42] . They also proved that a PABP1 mutant which lost paxillin-binding but maintains poly(A)RNA-binding retains in the nucleus. Burgess et al. suggest that nuclear export of PABPs is dependent on ongoing mRNA export [18] . In this study, we show that SIRT1 binds to PABP1 and deacetylates it at K95. Moreover, PABP1 K95 deacetylation causes its nuclear retention, impedes its associations with both poly(A)RNA and translation initiation factors, associating with poly(A)RNA nuclear accumulation, translation reduction, and cell proliferation inhibition. Furthermore, starvation-induced SIRT1 T530 phosphorylation is required for nuclear accumulation of both PABP1 and poly(A) mRNA. These observations lead us to propose a role for SIRT1 as a molecular switch regulating poly(A)RNA nuclear export and translation under normal and stress conditions ( Figure 6L ). Notably, a report showed that the promoter sequences direct cytoplasmic localization and translation of mRNAs during glucose starvation in yeast [43] . Therefore, our study does not exclude additional mechanisms mediating starvation-induced poly(A)RNA nuclear accumulation. It remains to be clarified whether SIRT1 regulates the functions of PABP1 in mRNA metabolism or the competence of PABP1 to interact with other binding partners.
In response to starvation, AMPK is activated [44] , which leads to elongation factor 2 phosphorylation and protein synthesis inhibition [45] . AMPK also inhibits 4E-BP1 signaling and mRNA translation via mTOR [46] . Our study reveals that AMPK activation also simultaneously blocks the nucleus mature mRNA export and therefore shuts down the supply of nascent mRNA to the cytoplasm via SIRT1 phosphorylation. Previous study reported that SIRT1 contributes to energy saving via inhibiting rDNA transcription under energy stress conditions [47] . We show that the PABP1 knockdown cells recomplemented with PABP1-K95Q have increased rate of ATP consumption as compared to normal or PABP1-WT rescued cells, suggesting that shutting off poly(A)RNA nuclear-cytoplasmic transport also contributes to energy saving upon starvation. These findings advance our understanding of how eukaryotes coordinate multiple pathways to effectively control translation to maintain energy homeostasis under starvation conditions. Collectively, our observations indicate that SIRT1 forms a complex with PABP1 and dynamically regulates the on/off of polyadenylated RNA nuclear-cytoplasmic transport and thus adjusts protein synthesis to maintain energy homeostasis according to energy status. The starvation-induced blocking of poly(A) RNA nuclear export supports the idea that the poly(A)-tail of RNA also provides a basis for eukaryotes to effectively shut down mature mRNA export to tailor protein synthesis in response to energy shortage. Previous studies have revealed that both heat and ethanol shock cause nuclear accumulation of poly(A)RNA in yeast [48, 49] . In this study, we also observed an increased SIRT1-PABP1 interaction in cells exposed to DNA-damaging drugs, including etoposide and MNNG treatments, and these stresses also caused a marked nuclear accumulation of PABP1 and poly(A)RNA ( Figure S5 ), suggesting that the eukaryotic SIRT1-PABP1 complex represents a general sensor for fine tuning of RNA transport under stress conditions. Of note, polyadenylation is not only involved in RNA transport and translation but also in mRNA stability, and PABP1 also has other roles in mRNA-specific translational regulation and nonsense-mediated decay [20, 50] . Moreover, many eukaryotic non-coding RNAs are always polyadenylated. Further study on the functions of SIRT1 in RNA metabolism will expand our understanding of how eukaryotes maintain or re-establish cellular homeostasis under diverse stress conditions.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (C) 293T cells treated with GD for indicated times were lysed and examined by western blot using antibodies against SIRT1 phosphorylation at S14, T530, and T719, respectively. (D) 293T cells transfected with indicated plasmids were treated with or without GD (4 hr); cell lysates were immunoprecipitated using FLAG-M2 beads followed by western blot analysis. (E) 293T cells transfected with indicated plasmids were lysed and immunoprecipitated using FLAG-M2 beads followed by western blot analysis. (F) 293T cells treated with AMPK activator AICAR (200 mM; 0-4 hr) were lysed and immunoprecipitated with anti-SIRT1 antibody followed by western blot analysis.
(G) 293T cells were treated with AMPK inhibitor compound C (10 mM; 1 hr) followed by 4-hr GD treatment. Cell lysates were immunoprecipitated with anti-SIRT1 antibody, and coprecipitated PABP1s were determined by western blot. Coprecipitated PABP1s were quantified by densitometry of bands. Bar graph shows quantification of relative PABP1-SIRT1 association.
(H and I) HeLa cells with stable knockdown of AMPKa (ShAMPK) or a vector control (ShN) treated with or without GD (12 hr) were either immunostained for PABP1 (green; H) or probed with cy3-oligo(dT) 40 (red; I) and visualized by fluorescence microscopy (scale bar 20 mm). Nuclei (blue) were stained with DAPI.
(J) Indicated cell lines were treated with GD (0-4 hr) and subsequently lysed followed by western blotting.
(K) Indicated cell lines were treated with or without GD (4 hr) followed by immunoprecipitation with anti-SIRT1 antibody and western blot analysis.
(L) A model showing how eukaryotic cells sense the energy status and redistribute mature mRNA to match the environmental demand. Under normal conditions, cells maintain basal SIRT1-T530 phosphorylation at a relatively low level, which has weak effects on PABP1-K95 acetylation and nuclear PABP1-poly(A)mRNA association, thus allowing normal mature mRNA nuclear export and cytoplasmic translation; whereas upon starvation, activated AMPK phosphorylates SIRT1-T530, promotes nuclear SIRT1-PABP1 association and PABP1-K95 deacetylation, and displaces poly(A)mRNA from PABP1, leading to shutting down mature mRNA nuclear export and protein synthesis, thereby maintaining cellular energy homeostasis under energy stress conditions. See also Figure S5 .
Immunofluorescence Staining
Immunofluorescence was operated as previously described [54] . Briefly, cells were fixed in 4% paraformaldehyde for 10 min, washed three times with PBS, incubated for 30 min in permeabilization buffer (0.1% Triton X-100 in PBS), block with 2% BSA, and incubated with primary antibody for 2h at room temperature or overnight at 4 C followed by incubation with fluorescently conjugated secondary antibody for 2h at room temperature.
Immunohistochemical Staining
Immunohistochemical staining in tissues was performed using anti-PABP1 antibody and visualized as previously described [40] . Antibodies against PABP1, PABP1-K95 AC or SIRT1 T530P were used for immunohistochemistry staining. In situ hybridization of poly(A)
RNA in tissues was performed by using biotin-5 0 -oligo(dT) 40 (Bioligo) probe and operated as previously described [55] . Briefly, fixed dehydrated tissues were rehydrated and washed twice for 5 min with PBS, incubated with 10 mg/ml Pepsin for 3 min at 37 C, washed twice with PBS, balanced with 2 3 SSC for 15 min then pre-hybridized with hybridization buffer (50% formamide, 10% dextran sulfate, 0.02% BSA, 200mg Escherichia coh tRNA in 2 3 SSC) for 2h at 37 C, and incubated with biotin-5 0 -oligo(dT) 40 (Bioligo) probe in hybridization buffer overnight at 60 C. Tissues were then washed twice for 30 min at 60 C with 2 3 SSC and 0.1 3 SSC respectively and incubated with block buffer (5% BSA in 2 3 SSC) for 1h at room temperature, processed with Streptavidin-HRP (N100, ThermoFisher Scientific) in hybridization buffer for 1h at room temperature, followed by microscopy analysis. Quantitation of nuclear versus cytoplasm intensity of poly(A)RNA in Lung and Colon tissues were analyzed by Image-Pro Plus software as described previously [51, 52] .
Fluorescence In Situ Hybridization
Poly(A)RNA fluorescence in situ hybridization assay was performed as described previously [18] using a Cy3-conjugated oligo(dT) 40 probe (Life technologies, Shanghai). To analyze the poly(A)RNA subcellular localization under starvation, we generated mouse embryonic fibroblasts (MEFs) from 13.5-day-old embryos. MEFs at passages 3-4 were used.
Measurement of ATP Level ATP levels were measured using ATP assay kit (Beyotime).
Poly(U) Pull Down Assay
Poly(U)-Pull Down assay was performed as previously described [56] . Cells were lysed in lysis buffer (0.1M NaCl, 10mM MgCl2, 0.3M Tris-Cl PH 7.5, 1mM DTT, 10mM Ribonucleoside vanadyl complexes, 30U/ml RNasin Ribonuclease inhibitor, 1% Triton X-100). Of note, the Ribonucleoside vanadyl complexes and RNasin Ribonuclease inhibitors are omitted when RNase A is used. Cell extracts were centrifuged at 10,000 g for 5 min and the insoluble debris were discarded. Before poly(U)-pull down assay, dry poly(U) agarose (Sigma) was hydrated in 0.1M NaCl and 10mM Tris-HCl (PH 7.4) at room temperature, then washed in elution buffer (0.1M NaCl, 0.01M EDTA, 0.5M Tris-HCl at PH 7.4, 0.2% SDS, 25% formamide) and high salt binding buffer (0.7M NaCl, 0.01M EDTA, 0.5M Tris-HCl PH 7.4, 0.2% lauryl sarcosine, 12% formamide) one time each for 5 min at 70 C. Then the pretreated poly(U) agaroses were added to cell lysates, rotated for 2h at 4 C, then 80% beads were eluted by boiling in 1 x SDS-PAGE sample buffer for western blot analysis, and the left 20% beads were eluted in 1mM EDTA (PH 8.0) to examine the total amount of mRNA precipitated by the poly(U) beads. The intensity of PABP1 western blot band was normalized to the level of mRNA in each sample.
In Vitro Deacetylation Assay
In vitro deacetylation was performed as previously described [57] . Briefly, 293T cells overexpressing Flag-PABP1 was lysed and immunoprecipitated with anti-FLAG M2 agarose (Sigma) and the enriched PABP1 proteins were eluted with FLAG peptide. The eluted proteins were incubated with GST-SIRT1 or GST-SIRT1-363A in 30 mL of deacetylation buffer (50mM Tris-HCl, PH 9.0, 50mM NaCl, 4mM MgCl2, 0.5mM DTT, 0.1mM PMSF, 5% glycerol, 0.02% NP-40, and protease inhibitors) in the presence or absence of 50 mM NAD + or 200 mM NAM for 2h at 30 C. The reactions were subjected to SDS-PAGE and analyzed by western Blot.
Protein Synthesis Assay
Cells seeded in 6-well plates were washed twice with PBS, incubated with methionine-deleted medium for 1h, replace medium with methionine-free DMEM containing 35 S-protein labeling mix (20 mCi/mL) for 1h. Then cells were washed with cold PBS, lysed in lysis buffer and subjected to SDS-PAGE, labeled proteins were visualized by autoradiography.
Cell Growth Assay
Cell growth assay was operated as previously described [58] . Briefly, cells were harvested every 24 hr, the MTT solution was added for 4 hr, then the reactions were stopped by addition of DMSO solution and the samples were measured at 490 nm.
Cell Size Assay
To determine cell size, FACS analysis with Cell Quest software was performed as previously described [53] . In brief, HeLa cells cultured under energy starvation for the indicated times were harvested, fixed in 70% (v/v) ice cold ethanol, and followed by PI staining.
Nucleocytoplasmic Separation
Cells were lysed by the CLB buffer (10mM HEPES, 10mM KH 2 PO 4 , 5mM NaHCO 3 , 5mM EDTA, 1mM CaCl 2 , 0.5mM MgCl 2 ) for 10 min on ice, homogenized by 15 strokes with 1 mL needle, then sucrose was added to reach a final concentration of 0.25M followed by centrifugation at 6300 g for 5 min at 4 C. The supernatant (the cytoplasmic fraction) were kept. The pellet (containing the nuclear fraction) was washed once with TSE buffer (10mM Tris, 300mM sucrose, 1mM EDTA, 0.1% NP-40, PH 7.5), then lysed with 1x SDS-PAGE sample buffer and boiled for 10 min.
QUANTIFICATION AND STATISTICAL ANALYSES
Quantitation of Poly(A)RNA Nucleo-cytoplasmic Ratio Quantitation of nuclear versus cytoplasm intensity of poly(A)RNA in cells was performed as described previously [59] . Briefly, images were exported as Tiff files and fluorescence intensities in the nuclear and cytoplasmic regions were quantified using ImageJ.
